In this study we examined the energy transfer dynamics of a FRET coupled pair of chromophores at the single molecule level embedded in a tunable sub-wavelength Fabry-Pérot resonator with two silver mirrors and separations in the λ/2 region. By varying the spectral mode density in the resonator via the mirror separation we altered the radiative relaxation properties of the single chromophores and thus the FRET efficiency. We were able to achieve wavelength dependent enhancement factors of up to three for the spontaneous emission rate of the chromophores while the quenching due to the metal surfaces was nearly constant. We could show by confocal spectroscopy, time correlated single photon counting and time domain rate equation modeling that the FRET rate constant is not altered by our resonator.
Introduction
Förster resonance energy transfer (FRET) is probably the most prominent energy transfer mechanism between two fluorophores and is a widely used technique in life-science for determining small molecular distances. 1 This energy transfer is crucially dependent on the separation and orientation of two coupled chromophores and is mediated by near-field dipoledipole coupling. 2 The Förster-transfer and similar energytransfer mechanisms are important processes in nature i.e. photosynthesis 3 and might be applied in photonic devices. 4 During the last few years several studies have examined the influences of different environments on the FRET rate constant i.e. by coupling FRET-pairs to plasmonic particles. 5, 6 But how the energy transfer rate constant can be altered by changing the local density of optical states (LDOS) is still under debate. Even contradicting statements can be found in the literature claiming no [7] [8] [9] or a linear [10] [11] [12] dependence of the transfer rate constant on the LDOS. One explanation for these contradictions can be found in the problem of describing the effective impact of the LDOS which is only a vague quantity if its spectral and spatial distribution affecting a dipole-emitter is not clarified. Thus, it is more explicit to separate the LDOS into energetically and spatially distributed modes with a certain density capable of coupling to the near-field and/or the far-field of an emitter. 13, 14 Separating or specifically ruling out one of these influences is therefore inevitable for a deeper understanding of how the energy transfer process can be controlled. Another problem concerns the properties of the FRET-pair and the experimental determination of the transfer rate constant. Most commonly two spectrally matching fluorophores are labeled at two complementary DNA-strands ensuring a specific hybridization to adjust a fixed interchromophore distance. The often assumed rigid distance and its labeling with chromophores are nevertheless questionable regarding e.g. the hybridization thermodynamics, 15, 16 structural and conformational changes of DNA 17 confirmed by e.g.
fluorescence microscopy experiments 18-20 revealing a broad distribution of FRET efficiencies of such labeled strands. In this article, we examine the transfer dynamics of a FRET pair embedded in a λ/2-Fabry-Pérot-microresonator [21] [22] [23] [24] by means of confocal microscopy and spectroscopy combined with pulsed laser excitation (λ = 488 nm, pulse width <100 ps, repetition rate 40 MHz) and time correlated single photon counting (TCSPC) for single molecule conditions. The FRETpair, the resonator design and an energy level diagram are sketched in Fig. 1 . Four types of samples were investigated: bare donors and FRET-pairs in free space and embedded in the microresonator. In all cases the concentration of donor chromophores or FRET-pairs was ∼10 × 10 −9 mol l −1 corresponding to an average number of around one chromophore or FRET-pair in a diffraction limited confocal volume, allowing us to measure fluorescence spectra and decay traces at the single-molecule level. The FRET-pairs consist of the fluorescent dyes Atto488 (donor) and Atto590 (acceptor) labeled on the same DNA-strand to prevent detection of false hybridized FRET-pairs or bare donors in the FRET-experiment. To stabilize this double labeled strand we hybridized a complementary unlabeled DNA-strand to the dye labeled strand. For further details concerning the sample design see the ESI. † The microresonator displayed in Fig. 1b allows us to control the LDOS at the location of the sample and its effect on the embedded emitters by controlling the mirror separation by piezo elements. The resonator exhibits a mirror separation dependent radiative enhancement of the spontaneous emission (i.e. the Purcell factor 25 ) ranging from a factor of 3 to nearly zero. 14, [26] [27] [28] For analyzing the fluorescence in the time and spectral domain of a FRET-pair shown in Fig. 1c consisting of one donor, one acceptor and a one-directional energy transfer channel the transfer dynamics have to be expressed by the probabilities of finding one chromophore in its excited state given by the following rate equations: 1 ðtÞ ¼Ȧ 1 ðtÞ, whereas the time evolution of D 1 (t ) and A 1 (t ) can be found only numerically. The energy transfer rate constant k T as a measure of the dipole-dipole coupling depends on the spectral overlap of the donor fluorescence and acceptor absorption, the dipole-dipole separation in space and the mutual orientation of the transition dipole moments. The rate constant reaches its maximum value when the transition dipole moment of the acceptor is oriented parallel to the near-field induced by the donor or reaches zero if the transition dipole moment and field are perpendicular to each other.
In an altered photonic environment the decay rate constants have to be adapted to their dependency on the LDOS. The enhancement of the radiative rate can be calculated analytically 30 while in our Fabry-Pérot resonators the contributions to non-radiative relaxation by quenching due to the interaction of the emitters with the metallic mirrors are small. 9, 31, 32 This is because of the comparably large distances from the emitters to the metal surface which range between 70 and 125 nm adjusted by using a SiO 2 -spacer layer on top of the silver. In the following, all radiative rate constants are denoted as functions of the on-axis transmission wavelength of the resonator λ res which is experimentally directly accessible by white light transmission spectra of the resonator. The total decay constant (or lifetime by τ DA = (k DA ) −1 ) for the donor in a FRET-pair can be expressed as
which is the sum of the total decay constant of the bare donor k D and the transfer rate constant k T offering an additional decay channel. Therefore, the transfer rate constants can be determined by the experimentally accessible decay constants of the donor fluorescence for a specific resonance wavelength λ res of the Fabry-Pérot cavity as
Recording the on-axis transmission wavelengths allows one to calculate the radiative enhancement factor as a function of mirror separation. 24, 30 For determining the transfer rate constants for a large number of different FRET-pairs and cavity lengths, the resonator was mounted on a scanning stage of a home built confocal microscope equipped with a spectrograph and a thermoelectrically cooled CCD-detector for recording fluorescence and transmission spectra and an avalanche photodiode (APD) for recording fluorescence decay curves by TCSPC. The pulsed and linearly polarized Gaussian laser beam was focused on the sample by using an objective lens (NA 1.46) which was able to collect also cavity off-axis emission. By installing a band-pass filter transmitting from 520-540 nm in front of the APD and switching between the photodiode and the CCD-camera it was possible to record fluorescence spectra of a FRET-pair and the decay curves at the very same lateral position representing exclusively the total decay of the donor chromophore inside the FRET-pair. A more detailed description of the microscope is given in the ESI. † First, the resonator was tuned to on-axis transmission wavelengths of around 500 nm for the lateral position of the detection volume by white light illumination. After that, the corresponding decay curve and fluorescence spectrum were recorded subsequently at the very same lateral position with integration times of 1 s by laser illumination. Then the confocal probing volume was laterally shifted by 1 μm and again the transmission and fluorescence were recorded. By a custom program (Labview) automatizing the procedure it was possible to investigate over 10 000 spatially separated volumes during all experiments. For the experiment with the FRET-pairs in the resonator ∼200 measured decay curves exceeded the threshold (30 counts per s in first time-bin) for determining the respective decay rate constants.
2 Results Fig. 2a shows a free space ensemble spectrum of our FRETpair consisting of the dyes Atto488 (donor) and Atto590 (acceptor) averaged over all measured confocal volumes to guarantee a homogeneous distribution of FRET-pairs in the sample volume. The emission with maximum intensity around 528 nm and a less intense vibronic contribution around 560 nm are assigned to the donor fluorescence while the red shifted contribution with its maximum around 620 nm is emitted by the acceptor. The gray shaded area represents the transmission range of the bandpass-filter installed in front of the APD selecting the donor fluorescence only for the time resolved measurements. In Fig. 2a the lower six panels show the fluorescence spectra (red lines) of FRET-pairs in the resonator recorded as a function of increasing mirror spacing, indicated by Lorentzian linefits to white light transmission spectra (black lines). The cavity fluorescence spectra (1)- (4) show only the blue wavelength bands of the donor. The donor's red wavelength vibronic band around 560 nm and the complete acceptor emission are suppressed. The cavity fluorescence spectra (5) and (6) show enhanced emission of the donor's long wavelength band and a part of the acceptor emission band around 610 nm. This behavior is in accordance with the resonance conditions for emission of fluorescent dipoles inside Fabry-Pérot-resonators, the mode spectrum given by the Purcell factor for this geometry and the angular detection efficiency of the objective lens. 23, 30, 33 Fig. 2b shows measured fluorescence decay curves of the bare donor (blue dots) and the donor coupled to the acceptor (green dots) in free space, respectively. Both traces can be well fitted (black curves) to the for molecules centered in the resonator with transition dipole moments parallel to the mirror surfaces. The gray line shows the modeled lifetimes τ DA (λ res ) assuming a cavity length independent transfer rate constant k T with the mean free space value. The largest number of data points appear for cavity resonance wavelengths <600 nm i.e. when the cavity and the donor emission are in resonance. Due to the narrow distribution of the bare donor decay rates k D (λ res ) around the analytical solution, the transfer rate constants k T (λ res ) can be determined by eqn (3) for each k DA (λ res ) and are displayed in Fig. 4 as yellow dots in the center graph. The transfer rate constants determined in this way can be divided roughly into two sections. The dots in the left section (blue shaded area) represent those rate constants which were determined for a resonator setting λ res (L) < 570 nm i.e. when the donor emission is in resonance with the cavity. The dots in the right section (red shaded area) represent the transfer rate constants that have been determined where λ res (L) > 570 nm i.e. when the acceptor emission is in resonance with the cavity. On the left side, the distributions of the transfer rate constants of both sections (donor resonance: dark blue; acceptor resonance: dark red) are visualized by histograms. The corresponding Gaussians show a mean transfer rate constant k T of 0.233 ± 0.141 ns −1 (λ res < 570 nm) and 0.242 ± 0.112 ns −1 (λ res > 570 nm), respectively. On the right side, the distribution of the free space transfer rate constant (brown bars) is shown for comparison. The free space mean value is indicated as a dashed line in the center graph. All three distributions spread around the free space value, shaped symmetrically and show a large overlapping with mean values much closer to each other than their FWHM. Hence, the transfer rate constants determined for different transmission wavelengths show no significant dependence on the resonator wavelength.
Discussion
The presented results reflect the attempt to avoid the following three main obstacles of determining FRET-rate constants as a function of the LDOS achieved by the sample preparation, the design of the microresonator and the measurement procedure. 1: the intrinsic properties of a single FRET-pair and the corresponding transfer properties may vary with time due to conformational changes, bending or stretching of the DNA or the linker groups attached to the chromophores. This issue was faced by fixing the coupled chromophores in a PVA-matrix, preventing geometrical changes of the pair itself and the fluorophores with respect to each other over time. The TCSPChistograms of the fluorescence decays (Fig. 2b) recorded with a collection time of 1 s are well described by a mono-exponential model function. Variations of orientation or distances within the FRET-pair during the acquisition time would lead to a multi-exponential decay behavior. The wide distributions of FRET-rate constants in free space and in the resonator can exclusively be ascribed to different conformational dispositions of the chromophores labeled to the DNA embedded in a rigid PVA matrix and reflect the results of previous studies. 34, 35 2: the number of fluorescent dyes/FRET-pairs in the detection volume was chosen to be small enough to prevent averaging. Two or more FRET-pairs in the same detection volume would most likely have different donor decay rates resulting in double or multi exponential fluorescence decay curves. Thus, only decay curves fitting to the mono-exponential model function were further used in the evaluation. The distributions of the donor decay rates with and without the acceptor in free space and in the cavity show no significant asymmetric distortions or bimodal behavior. The design of the FRET-pair itself (see the ESI †) guarantees that we detected only fluorescent donors with linked acceptors. Hence, we can claim that our results were acquired at the single molecule level and the number of data-points and resonator separations are large enough allowing us to make statistically significant statements.
3: the influence of the photonic environment can be precisely controlled in particular for different lateral and axial locations and random orientations of the embedded emitters with respect to the resonator geometry defining the LDOS. The setup of our resonator allows one to accurately position the molecules in the center of the resonator by a thin PVAfilm of several nanometer thickness and by spin coating on a well defined spacer layer of SiO 2 to ensure a well defined distance between the emitters and the mirrors. The near-field of a dipole can excite plasmons in the metal if the distance to the surface is small enough leading to a reduced fluorescence lifetime. 36 However, the distance between the chromophores and the mirrors is so large (80 nm, 80-240 nm) that non-radiative quenching by the silver mirrors has only a minor effect and is almost independent of the cavity resonance. 14, [26] [27] [28] The measured lifetimes of the donor without the acceptor in the resonator (Fig. 3b) , τ D (λ res ), agree well with the model predicting radiative enhancement/inhibition according to the Purcell factor and a constant non-radiative decay. 14, [26] [27] [28] The maximum enhancement of the LDOS in our approach tends toward a factor of 3, which seems to be still not enough to influence the FRET rate constant k T.
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Due to these points, the reported results substantiate the assumption that the transfer rate constant of a closely spaced FRET pair is not influenced by the LDOS in our low-quality resonator. Nevertheless recent studies determined a scaling of the FRET-rate constant with the LDOS. Ghenuche et al. used FRET-pairs coupled to zero-mode waveguides milled in gold with diameters between 150 and 400 nm and determined an aperture size dependent rate constant. 12 Zhang et al.
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observed altered energy transfer rates between donor-acceptor containing layers and an intermediate gold nanoparticle layer. This putative contradiction to our result is easily resolvable by regarding the effective mode distribution induced by the photonic environment. Our approach minimizes the coupling between the near-field modes of the emitter and the metal as the amplitude of the near field decays with R −3 and the cavity length is in the range of half a wavelength. Also Blum et al. 8 found no enhancement of the FRET-rate constant in their experiments. They used one silver mirror with different separations to the FRET-pairs in order to vary the LDOS and achieved a maximum total enhancement factor of 1.5 assuming a constant non-radiative decay rate due to comparably large emitter-mirror separations. The main advantage of our method compared to most of the previously used techniques is based on the ability to control the LDOS in real-time at the location of one and the same quantum system by increasing or decreasing the mirror separations by using piezoelectrically movable mirrors and simultaneously observing white light transmission spectra. The approaches with nanoholes or nanoparticles on the other side benefit mainly from near-field coupling effects between the metal and emitter due to a smaller metal-emitter separation. This important insight allows one to tailor specific photonic devices for enhancing individual optical properties of FRET-coupled fluorophores without altering the intrinsic coupling properties of the FRET pair itself.
Conclusion
Using tunable Fabry-Pérot-λ/2-microresonators allows one to examine, control and characterize the spectral and temporal optical properties of e.g. natural energy-transfer coupled systems without changing the coupling mechanisms determined by their intrinsic structure. 9, 24 We could show that the FRET rate constant is not altered by the effective LDOS of our resonator by time resolved measurements on fluorescent single FRET-pairs at different mirror separations.
